The covalent-like characteristics of hydrogen bonds offer a new perspective on intermolecular interactions. Here, using density functional theory and post-Hartree-Fock methods, we reveal that there are two bonding molecular orbitals (MOs) crossing the hydrogen-bond's O and H atoms in the water dimer. Energy decomposition analysis also shows a non-negligible contribution of the induction term.
Introduction
Hydrogen bonding (H-bonding) is an essential interaction in nature and plays a crucial role in materials and life sciences. The water dimer (H 2 O) 2 is one of the most typical models for studying the H-bonding system and, as such, much scientific effort has been directed toward understanding its properties. [1] [2] [3] Several studies have indicated that calculations have shown that the delocalized MOs exist in water rings. [9] [10] These studies help to understand H-bonds from the perspective of MOs at the atomic level.
The (H 2 O) 2 dimer is the simplest water cluster and the spatial conformation benchmark for studying complex H-bonding systems. Its H-bonding conformation is frequently studied both experimentally and theoretically. [2] [3] [11] [12] [13] However, more comprehensive studies are still needed since the fundamental mechanism of interaction between two water molecules is still not clearly understood. The covalent-like characteristics in the H-bonds between two 8-hydroxyquinoline molecules revealed in a recent experiment using atomic force microscopy were found to originate from both the covalent charge in H···N and the charge transferred from H to N and O, 7 which has stimulated much interest among experimentalists and theoreticians to further explore the intermolecular interaction mechanism of (H 2 O) 2 .
In this study, we present a study aiming to understand the H-bonding mechanism of (H 2 O) 2 from the MO perspective, which allows illustration of the nature of molecular interaction. 5, [14] [15] [16] The combination of orbital morphology with orbital composition offers an intuitive visualization and a qualitative interpretation.
energy components in nearly all cases, 25 we performed SAPT(DFT) calculations of (H 2 O) 2 using δ(HF) correction.
Results and Discussion
The optimized lowest energy structure of (H 2 O) 2 is displayed in Figure 1 . For convenience, the geometrical details are given for the following discussion. Figure 1 . The equilibrium structure of (H 2 O) 2 .
The bonding property of the intermolecular interaction system is effectively revealed by MO analyses, 5, 16 as shown in Figure 2 . The quantitative contributions (in percentages) from atomic orbitals to these complex MOs are also given. Here, the orbital interaction diagram of (H 2 O) 2 is from calculations at the DFT-PBE0 level. [26] [27] The PBE0 functional has been shown to give orbital diagrams consistent with results using another ab initio method (see Part 1 of the Supporting Information). When the contribution from a fragment orbital (FO, i.e. the MO of the water monomer) to a complex orbital is larger than 0.5%, the two energy levels respectively corresponding to FO and the complex orbital are linked in To achieve further insight into the interaction between water monomers, we additionally analyzed the composition of the H-bond of (H 2 O) 2 using the symmetry-adapted perturbation theory (SAPT) treatment. The total interaction energy (E int ) between two water molecules can be decomposed as:
where E elec describes the classical Coulomb interaction between water monomers; E exch is the exchange-repulsion term; E ind is the energy of interaction of the permanent multipole moments of one monomer and the induced multipole moments of the other.
This term is interpreted as orbital interaction, and became a standard by which to determine whether a system has a covalent characteristic, 5, 30 representing the polarization of the electron density between water monomers; E disp is the dispersion interaction energy; the δ(HF) term is a Hartree-Fock (HF) correction for higher-order contributions to the total interaction energy obtained at HF level (further details are listed in Part 3 of the Supporting Information).
We used the ionization potential of 0.4638 a.u. 31 in calculations with asymptotic correction. The SAPT(HF) and SAPT(DFT) interaction energy decompositions for the (H 2 O) 2 are shown in Table 1 . The consistency of the two data sets confirms the unique trend we demonstrate. It can be seen that the E elec term is the most important contribution to E int , about twice as large as the total interaction energy and greater than 60% of attractive interaction energy. The E disp term makes certain contributions to total interaction energy. Importantly, the E ind term plays a non-negligible role in stabilizing the (H 2 O) 2 , which amounts to more than 10% of the attractive interaction energy and about 50% of E disp . )
[a] denotes the interaction energy calculated at CCSD(T)/aug-cc-pVQZ level. The above energy decomposition analysis shows that the system has some covalent characteristics relating to the orbital overlap. E ind should be intermolecular distance dependent. The greater the distance between molecules, the less orbital overlap there should be, leading to a reduced E ind . Therefore, we further analyzed the energy decomposition results at different O…H distances in order to confirm the reliability of our results. The energy decomposition result is given in Figure 3 . Figure 3 contribution of the interaction energy shows that the induction decreases monotonically as the distance increases, reflecting the weakening of the covalent characteristics. This trend is reasonable and consistent with our previous report on the water tetramer. 10 The results further prove that this work may have a fundamental significance in understanding water clusters and complex H-bonding systems.
Conclusions
In summary, the calculated electronic structure illustrates the orbital interaction between water monomers in (H 2 O) 2 . There are two MOs crossing the (H 2 O) 2 system along the H-bonding region. Furthermore, the energy decomposition analysis
demonstrates that E ind is non-negligible in the interaction between two monomers. This non-negligible E ind suggests that the interaction has a covalent-like character, [32] [33] given that orbital interaction is interpreted as induction interaction or polarization interaction.
5, 30 The results with direct bonder order calculations clearly reveal the covalent-like character of the simplest H-bonding structure of (H 2 O) 2 . Recently, the electronic structure of the H-bond has been visualized by low-temperature scanning tunneling microscope. 8 This study provides a critical insight at the atomic level for understanding H-bonding systems and the prediction of their properties. 
